Introduction
============

Glaucoma is a multifactorial, progressive optic neuropathy characterized by death of retinal ganglion cells (RGCs), visual field loss, and excavation of the optic nerve head. Elevated intraocular pressure (IOP) is considered to be one of the important factors in initiation or progression of glaucoma and in the loss of RGCs. Characteristic glaucomatous changes in the retinal layers are thinning in the retinal nerve fiber layer and a decrease in the number of RGCs.[@b1-dddt-9-2819] RGCs are the retinal cells that are most sensitive to IOP elevation, and damage to these cells is responsible for vision loss in glaucoma. Given that loss of RGCs is irreversible, neuroprotection is crucial in the treatment of glaucoma.[@b2-dddt-9-2819]

Ghrelin, first described by Kojima et al is a hormone with a polypeptide structure and is synthesized by a number of types of tissue and by many inflammatory cells, in particular by enteroendocrine cells.[@b3-dddt-9-2819]--[@b5-dddt-9-2819] Ghrelin also has antioxidant properties,[@b6-dddt-9-2819],[@b7-dddt-9-2819] and induces appetite, lipogenesis, and secretion of growth hormone. Studies in rat eyes have demonstrated the presence of ghrelin mRNA in the anterior chamber. Rocha-Sousa et al also found ghrelin in the anterior chamber of the human eye.[@b8-dddt-9-2819] In another study, Katsanos et al established that ghrelin levels in the anterior chamber of patients with glaucoma were significantly lower than levels in controls.[@b9-dddt-9-2819] Erşahin et al showed that ghrelin had neuroprotective effects in rats with induced oxidative brain damage.[@b10-dddt-9-2819] Thus, we believe that ghrelin could have neuroprotective effects in retinas with glaucomatous damage. A search of the PubMed database did not reveal any previous research concerning the neuroprotective effects of ghrelin in an experimental glaucoma model. In this study, we investigated the potential neuroprotective and antioxidant effects of ghrelin on the retina in a rat model of glaucoma.

Materials and methods
=====================

Animals and study ethics
------------------------

The study included 21 Sprague--Dawley rats of mean weight 250 g and aged 2--3 months. Throughout the study, the rats were maintained in the experimental research center at Fırat University. The animals were housed in wire-bottomed cages at room temperature and on a 12-hour light--dark cycle. All were fed with standard rat chow, but were given only water 12 hours before surgery.

With approval from the Fırat University Ethics Committee, Elazığ, Turkey, the study was carried out using one eye from each animal. All procedures were performed with strict adherence to the guidelines for animal care and experimentation as prepared by the Association for Research in Vision and Ophthalmology and Guidelines for the Housing of Rats in Scientific Institutions.

Groups
------

The rats were randomly assigned to three groups, with seven rats in each group. Group 1 (controls) included rats that were not operated on and did not receive any treatment. Group 2 (vehicle controls) included rats in which induction of an IOP increase was performed and which received saline 1 mL/kg via the intraperitoneal route each day for 14 days. Group 3 (ghrelin group) included rats in which induction of an IOP increase was performed and which received ghrelin 40 μg/kg via the intraperitoneal route each day for 14 days. On day 14, the eyes were enucleated after induction of analgesia and anesthesia.

Anesthetic technique
--------------------

The rats were injected with a combination of intramuscular ketamine hydrochloride 50 mg/kg (Ketalar, Eczacıbaşı, Turkey) and xylazine hydrochloride 5 mg/kg (Rompun, Bayer, Turkey) to induce anesthesia and analgesia. Proparacaine hydrochloride 1% was administered as a topical anesthetic to both eyes of each animal prior to surgical intervention.

Induction of IOP elevation
--------------------------

After induction of anesthesia and analgesia, the episcleral veins, including the three branches rooted from the limbal veins, with the exception of one placed at the nasal quadrant, were cauterized using unipolar ophthalmic cautery, and ocular hypertension was induced. The eyes were then washed with saline, and antibiotic drops were administered.

Intraocular pressure measurement
--------------------------------

A Tono-Pen tonometer was used to perform accurate, repeatable, and noninvasive IOP measurements in the rats. On average, ten measurements with a percent age error of less than 5% were obtained. IOP measurements were performed before surgery and on postoperative days 5 and 10, following instillation of 1% proparacaine hydrochloride.

Histopathologic preparation
---------------------------

Analgesia and anesthesia were administered to the animals before enucleating the eyes. Samples of aqueous humor from the eyes of the sacrificed rats were obtained by aspiration using a 27-gauge needle, and sent to the biochemistry laboratory to measure malondialdehyde (MDA) and nitric oxide (NO) levels. Iris and ciliary body samples were also obtained and sent to the biochemistry laboratory for measurement of nitric oxide synthase-2 (NOS2) levels. Retinal and optic nerve dissection was performed on the remaining posterior segments of the globe and the specimens were sent to the pathology laboratory to determine expression of glial fibrillary acidic protein (GFAP), vimentin, and S-100 proteins by immunohistochemistry and expression of apoptosis by TUNEL (terminal deoxyribonucleotidyl transferase-mediated dUTP-biotin end labeling) assay.

Determination of MDA, NO, and NOS2 levels
-----------------------------------------

Equal amounts of aqueous humor were obtained from the anterior chamber of each eye. Levels of MDA, as an indicator of lipid peroxidation, were analyzed using an MDA kit (Immuchrom GmbH, Hessen, Germany) with high performance liquid chromatography. After transforming the MDA into fluorescent products with a derivatization reagent, the reaction solution was added to achieve an optimum pH level. MDA-generated fluorescence was measured in the isocratic high performance liquid chromatography system with a spectrofluorometer detector at 553 nm (emission) and 515 nm (excitation). MDA levels in the samples were given as μmol/L.

NO levels were determined using an enzyme-linked immunosorbent assay device with a nitrite/nitrate calorimetric assay kit (Cayman Chemicals, Ann Arbor, MI, USA).

For Western blot analysis, frozen ciliary samples were weighed and dissolved in RIPA lysis buffer containing protease and phosphatase inhibitors. First, 3 mL of RIPA lysis buffer was used per gram of tissue. Then, 10 μL from the phenylmethylsulfonyl fluoride, 10 μL from sodium orthovanadate, and 10 μL from protease inhibi tor cocktail were added per gram of tissue. All procedures were carried out at 4°C; in accordance with the manufacturer's instructions, a Bullet Blender tissue homogenizer (Next Advanced Inc, Averill Park, NY, USA) was then used to complete the homogenization process. Homogenized samples were centrifuged at 4°C and 10,000× *g* for 10 minutes to obtain the supernatant and then recentrifuged to form a clear lysate. Samples were stored at −80°C. The amount of protein in the samples was determined with a Qubit fluorometer using a Quant-iT™ protein kit. A chromogenic detection method was used to load 50 μg of protein into the protein gel to prepare the samples. In addition to the sample added to the micro-centrifuge tube, 2.5 μL of NuPAGE^®^ lithium dodecyl sulfate sample buffer (4×) and 1 μL of NuPAGE reducing agent (10×) were added and denatured at 70°C for 10 minutes. The denatured sample was chilled on ice. SeeBlue^®^ Plus2 was added to the first well in the Surelock X Cell vertical gel system (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), and the prepared samples were loaded into the other wells. The electrophoresis process was complete after conducting the gel at 100 V for 35 minutes. After electrophoresis, gel casette was opened and gel was transferred into distilled water carefully. The proteins were transferred to PVDF membranes using an iBlot^®^ dry blotting system to complete the blotting process, and then incubated for 1 hour in a 1:200 dilution of the anti-NOS2 polyclonal antibody (rabbit IgG, obtained from Cruz Biotechnology, Santa Cruz, CA) at 4°C Membranes were washed with antibody wash solution and then incubated for 30 minutes with prepared secondary antibody solution. The membranes were washed, and the protein bands were visualized by chromogenic substrates.

TUNEL and retinal immunohistochemistry staining
-----------------------------------------------

### Apoptotic cell screening

Sections 5 μm thick were taken from the paraffin blocks and placed on slides with polylysine. In accordance with the manufacturer's instructions, an ApopTag^®^ Plus Peroxidase in situ apoptosis detection kit (Chemicon, Temecula, CA, USA) was used to identify apoptotic cells. Tissue deparaffinized with xylene was put through a series of graded alcohols for dehydration and then washed with phosphate-buffered saline. The tissue that was incubated with 0.05% proteinase K for 10 minutes was incubated with 3% hydrogen peroxide to prevent the activity of endogenous peroxidase. After washing, the tissue was incubated for 6 minutes with equilibration buffer and for 60 minutes with a 3°C moist-setting operation solution (70%/30% TdT mu l enzyme reaction buffer). The tissue was held in stop/wash buffer for 10 minutes and then incubated with antidigoxigenin peroxidase. Apoptotic cells were visualized using a diaminobenzidine substrate. The sections were cross-stained with Harris hematoxylin. Breast tissue was used as a positive control. Reaction buffer was used instead of TdT enzyme in the negative control tissue. The preparations were observed using a research microscope (BX50, Olympus, Tokyo, Japan) and photographed. In the TUNEL assay, nuclei stained blue with Harris hematoxylin were considered normal, and cells with brown nuclear staining were deemed apoptotic. The assessment of TUNEL staining was performed based on the extent of the staining of apoptotic cells. The extent of TUNEL staining was scored semiquantitatively as 0 (no), 1 (light), 2 (medium), and 3 (intense).

### GFAP immunohistochemistry staining

Sections (4 μm thick) that passed through the retina and optic disc were prepared from paraffin blocks for immunohistochemical staining. The sections were stained using a GFAP kit (Lifespan BioSciences, Seattle, WA, USA) with an automatic immunohistochemistry staining instrument (Benchmark XT, Ventana Medical Systems, Oro Valley, AZ, USA). The preparations were covered with special sealing material and randomly examined with an Olympus light microscope. Using an Olympus micrograph attachment, photographs were taken of the tissue at a magnification of 40×. Nuclear positivity was evaluated as weak (+), moderate (++), or strong (+++).

### S-100 immunohistochemical staining

Sections (4 μm thick) that passed through the retina and optic disc were prepared from paraffin blocks for immunohistochemical staining to show S-100 immune staining patterns. The sections were stained with an S-100 kit (Lifespan BioSciences) using an automatic immunohistochemistry staining device (Ventana Medical Systems). The preparations were covered with special sealing material and randomly examined with an Olympus light microscope. Using an Olympus microscope photographic attachment, photographs were taken of the tissue at a magnification of 40×. Nuclear positivity was evaluated as weak (+), moderate (++), or strong (+++).

### Vimentin immunohistochemistry staining

Sections (4 μm thick) that passed through the retina and optic disc were prepared from paraffin blocks for immunohistochemical staining. The sections were stained using a vimentin kit (Lifespan BioSciences) with an automatic immunohistochemistry staining device (Ventana Medical Systems). The preparations were covered with special sealing material and randomly examined with an Olympus light microscope. Using an Olympus micrographic attachment, photographs were taken of the tissue at a magnification of 40×. Nuclear positivity was evaluated as weak (+), moderate (++), or strong (+++).

Statistical analysis
--------------------

The statistical analysis was performed using Statistical Package for the Social Sciences version 16.0 software (SPSS Inc, Chicago, IL, USA). All data are presented as the mean ± standard deviation. *P*\<0.05 was considered to be statistically significant. For data conforming to a normal distribution, parametric single-direction variance analysis and Tukey's post hoc test were applied. For data that did not conform to a normal distribution, the nonparametric Kruskal--Wallis analysis of variance was used, followed by the Mann--Whitney *U*-test. In addition, the Wilcoxon test for related variables was applied.

Results
=======

Intraocular pressures
---------------------

The mean IOPs in the study groups on days 0, 5, and 10 are shown in [Table 1](#t1-dddt-9-2819){ref-type="table"}. In the vehicle control and ghrelin groups, the increase in IOP following cauterization was statistically significant (*P*\<0.05, see [Table 1](#t1-dddt-9-2819){ref-type="table"}). The change in IOP in the control group was not statistically significant (*P*\>0.05). The increase in IOP in the vehicle control group was statistically significant when compared with the control group (*P*\<0.05). In the vehicle control group, the differences between preoperative IOP and the IOP on postoperative days 5 and 10 were statistically significant (*P*\<0.05).

MDA levels
----------

Mean MDA levels in aqueous humor for the study groups are shown in [Table 2](#t2-dddt-9-2819){ref-type="table"}. Mean MDA levels in the vehicle control group were significantly higher (*P*\<0.01) than in the control group. Mean MDA levels in the ghrelin group were significantly lower than in the vehicle control group (*P*\<0.01). When mean MDA levels in the ghrelin and control groups were compared, there was no statistically significant difference between the two groups (*P*\>0.05).

NO levels
---------

Mean NO levels in aqueous humor for the study groups are shown in [Table 2](#t2-dddt-9-2819){ref-type="table"}. Mean NO levels in the vehicle control group were significantly increased (*P*\<0.01) compared with the control group. There was no significant difference in NO levels between the ghrelin group and the control group (*P*\>0.05). The mean NO level in the ghrelin group was significantly lower than that in the vehicle control group (*P*\<0.05).

NOS2 levels
-----------

Mean NOS2 levels in the study groups are shown in [Table 2](#t2-dddt-9-2819){ref-type="table"}. The mean NOS2 level in the vehicle control group was significantly higher than that in the control group (*P*\<0.05). However, the mean NOS2 level in the ghrelin group was significantly lower than that in the control group (*P*\<0.01). The mean NOS2 level in the ghrelin group was significantly lower than that in the vehicle control group (*P*\<0.01).

Retinal immunohistochemistry and TUNEL staining
-----------------------------------------------

### Apoptosis

Microphotographs showing TUNEL staining for retinal apoptosis from an animal in each study group are shown in [Figure 1](#f1-dddt-9-2819){ref-type="fig"}. TUNEL positivity was observed to be weak in the control group ([Figure 1A](#f1-dddt-9-2819){ref-type="fig"}). When compared with the control group, TUNEL positivity in the vehicle control group was strong ([Figure 1B](#f1-dddt-9-2819){ref-type="fig"}). More apoptotic cells were seen in the outer and inner plexiform layers (OPL and IPL, respectively). The ghrelin group showed significantly decreased apoptosis compared with the vehicle control group, however, retinal apoptosis in the ghrelin group was close to that in the control group ([Figure 1C](#f1-dddt-9-2819){ref-type="fig"}). When retinal sections were examined, TUNEL-positive RGC layers were observed in the IPL and inner nuclear layer (INL). Compared with the control group, TUNEL staining was significantly increased in the vehicle control group (*P*\<0.05). In the group treated with ghrelin, TUNEL positivity was significantly decreased (*P*\<0.05).

### Retinal hematoxylin and eosin staining

Retinal thinning under pressure as a result of increased IOP can be observed on light microscopy in a retina stained with hematoxylin and eosin. Thinning was observed particularly in the INL. In the sections of samples taken from the control group, there is a visible increase in thickness in the INL ([Figure 2A](#f2-dddt-9-2819){ref-type="fig"}). INL thinning in the vehicle control group is marked in comparison with that in the control group ([Figure 2B](#f2-dddt-9-2819){ref-type="fig"}). Staining in the ghrelin group was similar to that in the control group ([Figure 2C](#f2-dddt-9-2819){ref-type="fig"}).

### Retinal GFAP staining

Immunohistochemistry staining for retinal GFAP on light microscopy is shown for a sample from each group ([Figure 3](#f3-dddt-9-2819){ref-type="fig"}). It is noteworthy that both Müller cells (MCs) and MC processes showed GFAP immunoreactivity. GFAP positivity was observed to be +1 in the control group ([Figure 3A](#f3-dddt-9-2819){ref-type="fig"}). When compared with the control group, the vehicle control group ([Figure 3B](#f3-dddt-9-2819){ref-type="fig"}) had a significant increase in retinal GFAP immunoreactivity, which was observed to be +++ (*P*\<0.05). Staining in the ghrelin group was significantly lower than that in the vehicle control group (*P*\<0.05), and was close to the control group, with a prevalence of ++ observed ([Figure 3C](#f3-dddt-9-2819){ref-type="fig"}). In the control group, retinal staining did not progress to the outer segments; in addition, there was a small amount of staining detected in the RGC, IPL, INL, and OPL. In the vehicle control animals, in which glaucoma was induced, GFAP expression was increased significantly (*P*\<0.05) and this increase was generally concentrated in the IPL ([Figure 3B](#f3-dddt-9-2819){ref-type="fig"}). It is noteworthy that MCs and MC processes were concentrated around the RGC, INL, OPL, and outer nuclear layer (ONL) in this group ([Figure 3B](#f3-dddt-9-2819){ref-type="fig"}). Immunoreactive GFAP cells and processes were observed throughout all retinal layers in the vehicle control group. The ONL in these cells was seen to extend into the outer segment and even appear in the photoreceptor layer ([Figure 3B](#f3-dddt-9-2819){ref-type="fig"}). In the ghrelin group, staining was more similar to that in the control group ([Figure 3C](#f3-dddt-9-2819){ref-type="fig"}) and did not reach the photoreceptor layer. Immunoreactive GFAP cells in the ghrelin group were observed to extend out to RGCs and the IPL, INL, and OPL.

### Retinal S-100 staining

Immunohistochemistry staining for retinal GS-100 on light microscopy is shown for a sample from each group. MCs showed S-100 immunoreactivity. In samples taken from the control group, S-100 expression was observed in MCs from the INL ([Figure 4A](#f4-dddt-9-2819){ref-type="fig"}). Of note, there was a small amount of S-100 staining in the RGC layer. S-100 staining in the control group was evaluated as +1.

There was a statistically significant increase in S-100 expression (prevalence +++) in the vehicle control group when compared with the control group (*P*\<0.05). In the INL, there was not only an increase in MCs, but also immunoreactivity of S-100 extending to the IPL and ONL ([Figure 4B](#f4-dddt-9-2819){ref-type="fig"}).

A statistically significant increase (++) in S-100 immunoreactivity of MCs in the INL was observed in the ghrelin group (*P*\<0.05). Less staining was seen in the IPL and ONL ([Figure 4C](#f4-dddt-9-2819){ref-type="fig"}).

### Retinal vimentin staining

Immunohistochemistry staining for retinal vimentin on light microscopy is shown for a sample from each group, and is noteworthy in the MCs and MC processes. In the control group, retinal vimentin expression was observed in RGCs and in the IPL and OPL. Vimentin expression was also seen in the MC processes of the INL, in which the prevalence of immunohistochemistry staining for vimentin was +1 ([Figure 5A](#f5-dddt-9-2819){ref-type="fig"}). Compared with the control group, the prevalence of immunohistochemistry staining for retinal vimentin (+++) was significantly increased in the vehicle control group ([Figure 5B](#f5-dddt-9-2819){ref-type="fig"}).

The IPL, MCs, and MC processes in the INL showed increased expression of vimentin in the vehicle control group; vimentin expression in the OPL was also significantly higher than in the control group. In the vehicle control group, vimentin was observed to be increased in the ONL.

When vimentin expression in the ghrelin group ([Figure 5C](#f5-dddt-9-2819){ref-type="fig"}) was evaluated, a significant decrease was seen when compared with the vehicle control group (*P*\<0.05). Similar to the control group, immunohistochemistry staining for retinal vimentin in these groups was evaluated to be +1. Vimentin expression of MCs in the ghrelin group was found to be in the RGCs, IPL, and INL. Vimentin expression in the OPL was also observed.

Discussion
==========

Worldwide, glaucoma is the third most common cause of vision loss following cataract and age-related macular degeneration. Vision loss due to glaucoma is a result of deterioration of RGCs and their axons. Although it has been determined that high IOP is one of the risk factors for the disease, the degeneration mechanism is unclear. Given that vision loss occurs in some glaucoma patients despite control of IOP progression, research has been focused on neuroprotective treatment.[@b11-dddt-9-2819]

It is well known that the pathologic changes in glaucoma are caused by damage due to oxidative stress and lipid peroxidation.[@b12-dddt-9-2819],[@b13-dddt-9-2819] Evaluation of lipid peroxidation is very useful in determining in vivo oxidative stress.[@b14-dddt-9-2819] The level of MDA is an indicator of lipid peroxidation. In patients with glaucoma, it has been found that lipid peroxidation products and MDA levels in aqueous humor and blood samples are present in significantly higher concentrations.[@b15-dddt-9-2819]--[@b18-dddt-9-2819] Similarly, a study using a rat glaucoma model demonstrated that MDA levels were higher both in vitreous and in retina.[@b14-dddt-9-2819],[@b17-dddt-9-2819] Therefore, in diseases like glaucoma that progress to serious RGC damage and severe vision loss, if increased oxidative stress in intraocular tissue can be prevented and an antioxidative defense system can be developed to maintain the oxidant--antioxidant balance, the vision loss and RGC damage could be prevented.[@b19-dddt-9-2819] In our study, we observed that MDA levels were increased in the vehicle control group. However, we found that MDA levels in the ghrelin group are decreased. The decrease in MDA levels indicates decreased lipid peroxidation and reduced oxidative-nitrosative damage. The low levels of MDA in aqueous humor samples from the ghrelin group support our findings about the prevention of glaucomatous damage by ghrelin treatment.

It is well known that oxidative and nitrosative stress plays a role in the development of glaucomatous optic nerve damage. The finding of NOS2 in the iris ciliary body, retina, and optic disc in recent research suggests that NO might play a role in the pathogenesis of glaucoma.[@b20-dddt-9-2819] NO is an important mediator that serves to regulate IOP and modulates ocular blood flow. It is synthesized via the NOS enzyme.[@b21-dddt-9-2819] The NOS2 form is expressed in response to immunologic and inflammatory stimulation, and the NO made by this enzyme is pathological.[@b22-dddt-9-2819],[@b23-dddt-9-2819] Intraocular synthesis of NO has been studied in the past 5 years, and the presence of all forms of the NOS enzyme in the eye has been shown.[@b24-dddt-9-2819] The effects of NO, such as vasodilatation and neurotransmission, are established via cyclic guanosine monophosphate by means of the guanylate cyclase enzyme.[@b25-dddt-9-2819] In experimental glaucoma models in animals, elevated IOP increases apoptosis in cells, stimulates expression of NOS2, and leads to nitration of protein.[@b26-dddt-9-2819] Studies in glaucomatous optic discs in rats and humans have shown the presence of NOS2 on nitrotyrosine staining and demonstrated the role of NO in glaucomatous optic neuropathy.[@b13-dddt-9-2819],[@b20-dddt-9-2819] In clinical situations accompanied by ocular degeneration, nitrative stress worsens the disease course and increases NOS2 expression, pointing to the role of NO in ocular pathologies such as glaucoma.[@b25-dddt-9-2819] These data indicate that reactive nitrogen types may contribute to the death of RGCs associated with IOP.[@b21-dddt-9-2819],[@b24-dddt-9-2819]

The main mechanism of vision loss in glaucoma is weakening of the INL and apoptosis of RGCs, which causes axonal loss in the optic nerve.[@b27-dddt-9-2819] It has been reported that these cytotoxic and apoptotic effects are stimulated by NO in macrophages, astrocytes, and neuronal cells. A study by Aslan et al demonstrated that elevated IOP increases expression of NOS2.[@b23-dddt-9-2819] It has also been shown that inhibition of NOS2 protects against the degeneration caused by glaucoma in RGCs.[@b28-dddt-9-2819] It is known that ghrelin indirectly inhibits expression of NOS2 in gastric mucosal cells.[@b29-dddt-9-2819] An ischemia-reperfusion model in rats demonstrated that ghrelin is protective against damage due to an increase in NO.[@b30-dddt-9-2819] In our study, the ghrelin group had low levels of NOS2 when compared with the vehicle control group, which is consistent with the literature.

NO assignment can be used as a diagnostic marker of oxidants that generate from NO, both in humans and animals. In cases of elevated IOP, expression of NOS2 increases retinal protein nitration and apoptosis.[@b23-dddt-9-2819] Pharmacologic studies in a rat model of chronic glaucoma showed that aminoguanidine with inhibition of NOS2 supports neuronal protection in RGCs.[@b28-dddt-9-2819] Elevated levels of NOS2 observed in glaucoma cases suggests that NOS2 may contribute to the RGC death associated with IOP.[@b21-dddt-9-2819],[@b24-dddt-9-2819] Cytotoxicity and apoptosis mediated by NO has been reported in macrophages, astrocytes, and neuronal cells.[@b31-dddt-9-2819]--[@b33-dddt-9-2819] Although the mechanism for NO-mediated apoptosis is still unclear, it may be the result of activation of p53, leading to DNA damage.[@b34-dddt-9-2819] Erdurmuş et al found that serum NO levels are significantly higher in patients with pseudoexfoliation glaucoma and those with primary open angle glaucoma.[@b15-dddt-9-2819] In our study, we found that NO levels in the vehicle control group were higher than those in the control group. However, NO levels in the ghrelin group were significantly lower than those in the vehicle control group, and there was no significant difference in NO levels between the control and ghrelin groups. Many previous studies have shown that ghrelin reduces NO levels in different types of tissue.[@b35-dddt-9-2819],[@b36-dddt-9-2819] In our study, we observed that NO levels were lower in aqueous humor, which is consistent with the literature. The finding of low levels of NO (which had an important role in RGC death) in the ghrelin group demonstrates that glaucomatous damage was less in this group.

These hypotheses are the blockage of axoplasmic flow and consequently the withdrawal of the neurotrophins, the increase of intravitreal glutamate concentration, and ocular vasospasm.[@b37-dddt-9-2819] Recent TUNEL findings in rats with elevated IOP support apoptotic cell death. In a study by Gross et al, it was reported that TUNEL-positive cells were seen in the RGC layer, and that they were rarely in the control group compared to the experiment group.[@b38-dddt-9-2819] In previous studies of the sequence of normal retinal tissue, histogenetic cell death has been shown to start at the RGC layer, and progress toward the INL and ONL.[@b39-dddt-9-2819] Similarly, in the sequence of death due to glaucomatous damage, IOP increased as a result of axonal degeneration, microglial activation in the tissue, secretion of tumor necrosis factor-a, secretion of cytokines, and activation of the complement pathway, culminating in death of RGCs.[@b40-dddt-9-2819],[@b41-dddt-9-2819] In our study, microscopic DNA fragmentation, the most defining feature of apoptosis, was performed to determine apoptosis in the retinal layers. In our study, in accordance with the literature, apoptosis determined by the TUNEL method was shown to be less in the control and ghrelin groups, and more in the vehicle control group, so ghrelin might have protective effects on RGCs.

Astrocytes, MCs, and microglial cells have both protective and destructive roles in the retina.[@b42-dddt-9-2819],[@b43-dddt-9-2819] It has also been demonstrated that MCs can recognize various neuronal signals and actively modulate the levels of some ions such as K+ and H+, and some neurotransmitters including glutamate and gamma aminobutyric acid, in the extracellular space in the retina.[@b44-dddt-9-2819] It is also claimed that microglia are sensitive to potassium conductance and play an important role in processes such as production of aggressive oxygen radicals and secretion of glutamate, which may have an effect on the pathophysiologic mechanism of the cell death in glaucoma.[@b44-dddt-9-2819] An experimental study of the role of retinal glial cells in a rat glaucoma model reported that macroglia such as astrocytes and MCs might be involved in the pathophysiology of RGC death, and that activated microglial/phagocytic cells have an important role in modulating the changes in glaucomatous opti nerve heads.[@b45-dddt-9-2819] A similar report suggests that glial cells were activated by increased IOP and that reactivity of these cells may be associated with neuronal degeneration in the glaucomatous retina.[@b46-dddt-9-2819] The same study suggests that glial cell activation increased in order to clean the products from neurodegeneration. It has been determined that the GFAP levels taken in MC, which is the retina's main glial cell, are significantly higher in many retinal pathologies, such as glaucoma.[@b47-dddt-9-2819] It is therefore believed that GFAP-positive immunostaining of MCs is a reliable marker for both acute and chronic pathology.[@b46-dddt-9-2819] In a study by Woldemussi et al[@b47-dddt-9-2819] formation of GFAP in MCs in response to IOP elevation was found as early as day 4. Increased expression of GFAP in glaucoma is well known, and our finding that GFAP was elevated in the vehicle control group and decreased in the ghrelin group is consistent with the literature.

Vimentin, a primary member of the intermediate filamentous family of proteins, comprises a cytoskeleton with microfilaments and microtubules in eukaryotic cells.[@b48-dddt-9-2819] Previous experimental glaucoma models have shown that vimentin in MCs and astrocytes increases damage to the retinal nerve fiber layer and that the increase of glutamine, a marker of glutamate metabolism, is connected to vimentin level.[@b49-dddt-9-2819]--[@b51-dddt-9-2819] Carter-Dawson et al reported that the increase in glutamine in MCs was not a consequence of their loss and that MC function in the glutamate-glutamine cycle continued in glaucomatous eyes.[@b50-dddt-9-2819] Accordingly, it has been concluded that the immune positivity for vimentin seen to increase in the early period may drop due to the decrease in vitreous concentration of glutamate in the chronic period.[@b51-dddt-9-2819] There is some suggestion that tumor necrosis factor-a released from astrocytes and vimentin from RGC is generated as a response to glaucomatous damage triggered by NO and other cytokines.[@b52-dddt-9-2819] In our study, only responses in the early period were examined, and in this period the vehicle control group showed increased expression of vimentin when compared with the control group. It was observed that vimentin immunoreactivity in MCs decreased in the ghrelin group.

S-100 protein is a specific marker of retinal MCs in adult mammals and it acts intracellularly as a calcium ion-signaling or a calcium ion-buffering protein. Phosphorylation of S-100 protein plays an important role in many intracellular activities, including enzyme activity, the dynamics of the building blocks of the cytoskeleton, and protection of cells against oxidative damage.[@b53-dddt-9-2819] It also has a role in chemoattraction of leukocytes in the extracellular field and activation of macrophages.[@b54-dddt-9-2819] S-100 protein has both protective and destructive effects, depending on extracellular and intracellular activity. Previous studies in an experimental rat glaucoma model have shown that S-100, which also plays a role in metabolic activity, is a marker of MC damage in the eye.[@b45-dddt-9-2819],[@b55-dddt-9-2819] Our data are similar to those in the literature. Compared with our control group, the vehicle control group showed increased S-100 expression, particularly in MCs in the INL. However, in the group treated with ghrelin, S-100 immunoreactivity decreased.

First discovered in 1999 by Kojima et al ghrelin is basically a hormone with a 28-amino acid lipopeptide structure and is excreted by the fundus of the stomach. These hormones are also synthesized in the hypothalamus, pituitary gland, salivary gland, thyroid gland, small intestine, kidneys, heart, pancreas, central nervous system, lung, placenta, gonads, immunologic system, breasts, and teeth.[@b3-dddt-9-2819],[@b4-dddt-9-2819] It is known that ghrelin affects many systems, including growth hormone, adrenocorticotropic hormone, prolactin secretion, nutrition, gastric acid secretion, gastric motility, and cell proliferation. The anti-inflammatory and antioxidant effects of ghrelin have been shown previously.[@b56-dddt-9-2819],[@b57-dddt-9-2819] In addition to inhibiting lipid peroxidation, it increases catalase, glutathione peroxidase, and superoxide dismutase enzyme activity.[@b58-dddt-9-2819] By inhibiting apoptotic stimuli, ghrelin shows a proactive effect in many cells, including adipocytes, osteoblasts, cardiomyocytes, and endothelial cells.[@b59-dddt-9-2819]--[@b61-dddt-9-2819] It has been reported that, in low doses, ghrelin prevents cell death by inhibition of apoptosis in hypothalamic neuronal cells.[@b62-dddt-9-2819] The proactive effects of ghrelin on cells have been shown in models of ischemia-reperfusion.[@b30-dddt-9-2819],[@b63-dddt-9-2819] The neuroprotective activity of ghrelin is occur via the growth hormone secretagogue (GHS) receptor upon activation of GHS-R1a.[@b59-dddt-9-2819]

In rat models of Parkinson's disease, it has been reported that intraperitoneal ghrelin injections reduced dopamine cell loss, and that this effect might be associated with reorganization of Bcl-2 and Bax molecules.[@b64-dddt-9-2819],[@b65-dddt-9-2819] Increased activation of microglia, which contributes to Parkinson's disease, was inhibited after injection of ghrelin.[@b65-dddt-9-2819] The effect of ghrelin on neuroprotection is achieved by mitochondrial biogenesis, reorganization of proteins in the mitochondrial respiratory chain, and increased suppression of reactive oxygen species.[@b66-dddt-9-2819]

The effect of ghrelin on the eye has not been clearly established as yet. In studies done in rat eyes, mRNA for ghrelin has been found in the anterior chamber.[@b8-dddt-9-2819] In a study conducted by Rocha-Sousa et al, it was reported that ghrelin was identified in humor aqueous which filled the human anterior chamber.[@b8-dddt-9-2819] Ghrelin crosses the blood--brain barrier easily, so can reach the ocular tissue. Determination of mRNA for ghrelin in studies performed in rat also demonstrates that ghrelin can be present locally in the human eye. Studies by Katsanos et al showed that ghrelin levels in the anterior chamber in patients with glaucoma were significantly lower than those in a control group.[@b9-dddt-9-2819] Following on from these studies, ghrelin was used in experimental glaucoma models. Ghrelin has a protective effect on RGCs, and can attenuate the harmful effects of glaucomatous damage. In vivo and in vitro studies in recent years have reported that the neuroprotective activity of ghrelin is increased in models of ischemic stroke. In rat models of ischemia-reperfusion, intraperitoneal or intravenous administration of ghrelin had a significant neuroprotective effect, reducing the infarct volume in the brain and decreasing cell death.[@b62-dddt-9-2819],[@b67-dddt-9-2819]

Conclusion
==========

To the best of our knowledge, there have been no previous reports in the literature on the impact of ghrelin on oxidative damage in glaucoma. Although the small number of experimental animals used and the lack of retrograde labeling of RGCs and determination of RGC survival can be regarded as the main limita tions of this study, our findings suggest that ghrelin had antioxidant and neuroprotective effects on the retina in an experimental model of glaucoma.

This work was funded by an unrestricted grant from the Fırat University Scientific Research Unit.

**Author contributions**

NC and TD performed the study; NC, NI, IHO, and TK collected the data; BT and OC translated, typed, prepared, edited and reviewed the manuscript; NC and TD performed the statistical analysis; and all authors approved the final draft of the manuscript. All authors contributed toward data analysis, drafting and revising the paper, and agree to be accountable for all aspects of the work.

**Disclosure**

The authors report no conflicts of interest in this work.

![Micrographs of retinal TUNEL staining for one rat in each treatment group.\
**Notes:** (**A**) Control, (**B**) vehicle control, and (**C**) ghrelin. Arrows indicate apoptotic cells.](dddt-9-2819Fig1){#f1-dddt-9-2819}

![Micrographs of hematoxylin-eosin staining for one rat in each treatment group.\
**Notes:** (**A**) Control, (**B**) vehicle control, and (**C**) ghrelin. Arrows indicate the INL.\
**Abbreviations:** ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; RGC, retinal ganglion cell.](dddt-9-2819Fig2){#f2-dddt-9-2819}

![Micrographs of retinal glial fibrillary acid staining for one rat in each treatment group.\
**Notes:** (**A**) Control, (**B**) vehicle control, and (**C**) ghrelin. Arrows indicate Müller cells and their processes.](dddt-9-2819Fig3){#f3-dddt-9-2819}

![Micrographs of retinal S-100 staining for one rat in each treatment group.\
**Notes:** (**A**) Control, (**B**) vehicle control, and (**C**) ghrelin. Arrows indicate Müller cells and their processes.](dddt-9-2819Fig4){#f4-dddt-9-2819}

![Micrographs of retinal vimentin staining for one rat in each treatment group.\
**Notes:** (**A**) Control, (**B**) vehicle control, and (**C**) ghrelin. The arrows indicate Müller cells and their processes.](dddt-9-2819Fig5){#f5-dddt-9-2819}

###### 

Mean IOP changes

                    IOP day 0    IOP day 5                                               IOP day 10
  ----------------- ------------ ------------------------------------------------------- -------------------------------------------------------
  Control           14.57±1.13   14.00±2.08                                              14.42±1.51
  Vehicle control   14.42±1.13   28.85±1.95[a](#tfn1-dddt-9-2819){ref-type="table-fn"}   31.85±1.06[b](#tfn2-dddt-9-2819){ref-type="table-fn"}
  Ghrelin           14.14±1.34   26.85±2.11[a](#tfn1-dddt-9-2819){ref-type="table-fn"}   27.57±1.90[b](#tfn2-dddt-9-2819){ref-type="table-fn"}

**Notes:**

Compared to the control group there is a significant difference in IOP on day 5 (*P*\<0.05).

Compared to the control group there is a significant difference in IOP on day 10 (*P*\<0.05).

**Abbreviation:** IOP, intraocular pressure.

###### 

MDA, NO, and NOS2 levels in the study groups

                 Control     Vehicle control                                        Ghrelin
  -------------- ----------- ------------------------------------------------------ --------------------------------------------------------------------------------------------------
  MDA (μmol/L)   1.68±0.22   3.61±0.57[a](#tfn5-dddt-9-2819){ref-type="table-fn"}   2.19±0.19[b](#tfn6-dddt-9-2819){ref-type="table-fn"},[c](#tfn7-dddt-9-2819){ref-type="table-fn"}
  NO (μM/L)      5.19±1.0    9.8±3.26[a](#tfn5-dddt-9-2819){ref-type="table-fn"}    6.12±1.87[b](#tfn6-dddt-9-2819){ref-type="table-fn"},[d](#tfn8-dddt-9-2819){ref-type="table-fn"}
  NOS2 (μM/L)    17.0±2.16   28.1±10.2[e](#tfn9-dddt-9-2819){ref-type="table-fn"}   9.28±1.49[a](#tfn5-dddt-9-2819){ref-type="table-fn"},[c](#tfn7-dddt-9-2819){ref-type="table-fn"}

**Notes:** The data are shown as the mean ± standard deviation.

Compared to the control group there is a significant difference (*P*\<0.01).

Compared to the control group there is no a significant difference (*P*\>0.05).

Compared to the vehicle control group there is a significant difference (*P*\<0.01).

Compared to the vehicle control group there is a significant difference (*P*\<0.05).

Compared to the control group there is a significant difference (*P*\<0.05).

**Abbreviations:** MDA, malondialdehyde; NO, nitric oxide; NOS2, nitric oxide synthase-2.
